ABSTRACT: Background. The purpose of this study was to report the response to and toxicity of ultra-low-dose radiotherapy (RT) for B-cell ocular adnexal lymphoma (OAL). Methods. We conducted a retrospective review of patients with indolent B-cell and mantle cell OAL treated with 4 Gy to the orbit(s) in two 2-Gy fractions. Disease response was assessed clinically and/or radiographically at 2 to 4-month intervals after RT. Data collected included rates of overall response, complete response (CR), partial response (PR), and treatment-related toxic effects. Results. Twenty-two patients (median age, 65 years) had the following histologic subtypes: mucosa-associated lymphoid tissue (MALT; 14 patients; 64%); follicular lymphoma (5 patients; 23%); mantle cell lymphoma (MCL; 2 patients; 9%); and unclassifiable (1 patient, 4%). The overall response rate was 100%; 19 patients (86%) had a CR and 3 patients (14%) had a PR. The only acute toxic effect was grade 1 dry eye syndrome in 1 patient. Conclusion. Ultra-low-dose RT in patients with OAL is associated with high response rates and minimal toxic effects, and is much shorter in duration and cost.
INTRODUCTION
Non-Hodgkin lymphoma can arise in the orbit or can spread to the orbit in patients with advanced or relapsed disease. 1 Although orbital involvement by non-Hodgkin lymphoma is rare, it represents the most common primary orbital and ocular adnexal malignant neoplasm. 2 Ocular adnexal lymphoma (OAL) includes lesions of the conjunctiva, lacrimal gland, orbital soft tissue, or eyelid 2 and are predominantly low-grade non-Hodgkin lymphoma. These types of lesions must be distinguished from intraocular lymphoma, a subtype of primary central nervous system lymphoma; that represents a high-grade process with a distinct therapeutic strategy. 3, 4 Standard-of-care management of localized low-grade B-cell lymphoma of the ocular adnexa is external-beam radiotherapy (RT). External-beam RT is also used to treat ocular adnexal mantle cell lymphoma (MCL), a subtype of B-cell lymphoma that is not low grade but that has been demonstrated in numerous studies to be exquisitely radiosensitive. The optimal radiation dose for OAL is one that achieves optimal local control without increasing the risk of long-term morbidity in the treated eye.
Historically, OALs were treated with moderate to high doses of radiation, ranging from 35 to 54 Gy [5] [6] [7] ; however, evidence is increasing that low-grade OAL can be treated successfully and with minimal morbidity to lower doses of radiation. With historical doses of 35 to 54 Gy, local control rates were excellent, ranging from 90% to 100%. In most series, however, doses greater than 35 Gy resulted in considerable late toxic effects, including keratitis, severe dry eye syndrome, glaucoma, retinopathy, and cataract formation. 7, 8 Several single-institution series have reported similar high local control rates but decreased toxicity with lower doses of RT, suggesting that the effective dose for the definitive management of ocular adnexal low-grade lymphoma has not been defined. [7] [8] [9] [10] In a series from Princess Margaret Hospital of 89 patients with localized mucosa-associated lymphoid tissue (MALT) lymphoma of the ocular adnexa, 86 patients (97%) were treated with a dose of 25 Gy, and the 7-year local control rate was 97%. 9 In a similar series of 54 patients with OAL treated to doses of 24 to 25.5 Gy, the 5-year local control rate was 95%.
In patients with indolent OAL treated for palliation or in cases of reirradiation, doses of 4 Gy have been reported to yield excellent control rates. Fasola et al 11 reported a complete response (CR) rate of roughly 85% for 27 sites of ocular adnexal involvement in 20 patients with non-Hodgkin lymphoma treated with 4 Gy total dose of radiation. For the orbital sites in which a CR was observed, the 2-year local control rate was 100%.
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Given the radiosensitivity of indolent non-Hodgkin lymphoma and MCL, and the fact that local relapses of these diseases are salvageable and non-life-threatening, in 2013, we began offering ultra-low-dose RT for indolent B-cell lymphoma and MCL affecting the ocular adnexa. Here, we report the results of a retrospective evaluation of the toxicity and efficacy of delivering 4 Gy in 2 fractions of external beam RT in patients with OAL treated at our institution.
MATERIALS AND METHODS

Patients
All patients treated with ultra-low-dose external beam RT for ocular adnexal MCL and low-grade B-cell lymphoma, including MALT lymphoma and follicular lymphoma, at The University of Texas MD Anderson Cancer Center between March 2013 and November 2015 were included in this analysis after Institutional Review Board approval was obtained. The work was done under strict Health Insurance Portability and Accountability Act compliance.
Disease evaluation and treatment
Disease was confirmed by review of a diagnostic biopsy specimen by a specialized hematopathologist. Full workup consisted of a comprehensive ocular examination by a licensed ophthalmologist (B.E.), basic laboratory studies, baseline volumetric imaging (fluorodeoxyglucose 18 
F
[FDG] positron emission tomography-CT or CT imaging of the neck, chest, abdomen, and pelvis), and bone marrow biopsy. The orbits were imaged with either CT or MRI. Many patients with MALT lymphoma and MCL underwent baseline esophagogastroduodenoscopy to exclude gastric involvement. Patients with synchronous bilateral ocular adnexal involvement in the absence of distant lymphoma were considered to have stage IE disease.
All patients underwent CT-based radiation planning and were immobilized with a custom thermoplastic mask. For patients with disease limited to the conjunctiva, the clinical target volume was defined as the entire palpebral and bulbar conjunctiva. For all other patients, the clinical target volume included the entire orbit. Patients were treated with electrons or photons to 4 Gy in two 2-Gy fractions delivered on consecutive days. Lens shielding was not utilized. Bolus material was utilized as necessary to achieve adequate coverage of disease in cases of superficial involvement.
Response assessment
Response was assessed with clinical examination with or without radiographic imaging at 2-month to 4-month intervals with the same imaging modality used at diagnosis to define the lymphoma. Given the low yield of MRI for the identification of conjunctival lymphoma, 12 baseline and response assessments were clinical for patients with conjunctival disease who did not have a detectable radiographic abnormality on baseline evaluation.
CR was defined as resolution of tumor by clinical examination in the case of conjunctival lymphomas and by radiographic studies in the case of orbital and bulky eyelid lymphomas. In cases of ocular adnexal tumors that were FDG avid at baseline, CR was defined as resolution of FDG avidity even in the setting of a radiographic residual mass, in keeping with the Lugano classification for response assessment of non-Hodgkin lymphoma. 13 Partial response (PR) was defined as a decrease in size (or FDG avidity if positron emission tomography-CT was available) of the disease burden with or without radiographic studies. Stable disease was defined as no change in measurable disease clinically or radiographically. Progressive disease was defined as any increase in OAL on clinical examination or imaging studies. The overall response rate was defined as the rate of CR and PR.
Toxicity
Acute and chronic ocular toxic effects were assessed at 2-month to 4-month intervals and graded according to the National Cancer Institute Common Terminology Criteria for Adverse Events, version 4.03. 14 
Statistical analysis
Freedom from local recurrence was measured from the date when RT ended to the date of disease recurrence within the irradiated orbit. Actuarial relapse rates were estimated using the Kaplan-Meier method. Analyses were performed using SPSS Statistics software, version 22 (IBM, Armonk, NY).
RESULTS
Between March 2013 and November 2015, 22 patients with B-cell OAL were treated with 4 Gy to the orbit in two 2-Gy fractions delivered on consecutive days. Patient, disease, and treatment characteristics are summarized in Table  1 . The median age of the patients at diagnosis of OAL was 64.5 years (range, 25-88 years). Twelve patients were men. Fifteen patients had stage IE disease, and 5 of these patients had synchronous bilateral disease at diagnosis. Fourteen patients had MALT lymphoma, and 2 patients had MCL. Sixteen patients had radiographic evidence of lymphoma, and the median lesion size was 2.1 cm (range, 1.2-3.2 cm). Four patients had preexisting ocular conditions: 2 had Sj€ ogren disease, 1 had glaucoma, and 1 had hereditary ptosis. Staging esophagogastroduodenoscopy was performed in both patients with MCL and showed evidence of gastric MCL in 1 patient. Staging esophagogastroduodenoscopy was performed in 6 of the 14 patients with MALT lymphoma and did not show evidence of gastric MALT lymphoma in any case. Ten patients had a history of systemic therapy for lymphoma, and 1 patient had a history of RT to the contralateral orbit.
The median follow-up for all 22 patients was 14.1 months (range, 3.7-29.9 months). The median time to first followup response evaluation was 3.0 months (range, 1.4-5.6 months). Twenty patients (91%) had an initial evaluation within 4 months after completion of RT. Of these 20 patients, 13 (65%) had a CR, and 7 (35%) had a PR (see Figure 1) . Of the 7 patients with only a PR at 4 months, 4 patients eventually achieved a CR at a median of 6.6 months (range, 5.07-10.5 months) after RT (see Figure 2) . Twentyone patients were evaluated within 6 months after RT: 18 patients (86%) had a CR, and 3 (14%) had a PR. Ultimately, for all 22 patients, the overall response rate was 100%: 19 patients (86%) had a CR, and 3 patients (14%) had a PR. Of the 19 patients with a CR, only 1 patient received systemic therapy after ultra-low-dose RT before achievement of the CR in the orbit. Of the 3 patients who did not achieve a CR after ultra-low-dose RT, 1 patient with unclassifiable low grade B-cell lymphoma received weekly rituximab and an additional 20 Gy of orbital RT and achieved a CR; 1 patient with stage IV follicular lymphoma and a right superior orbital lesion had persistent soft tissue fullness on CT imaging and, as of this writing, has been followed up for 1 year after ultra-low-dose RT without receiving additional therapy; and 1 patient had evidence of persistent low-burden asymptomatic bilateral conjunctival follicular lymphoma at the 3-month follow-up visit and, as of this writing, is scheduled for a 6-month follow-up visit.
For the 19 patients who achieved a CR, the median follow-up time was 15.2 months (range, 3.7-29.9 months). The median time to achievement of CR was 3.73 months (range, 2.07-10.5 months). The 1-year and 2-year rates of freedom from local recurrence were 100% and 75%, respectively (see Figure 3 ). There was one local recurrence in this series. A patient with MCL of the bilateral lacrimal glands experienced a recurrence in the left lacrimal gland approximately 21 months after completion of ultra-low-dose RT. Retreatment with 4 Gy in 2 fractions to the left orbit was given with follow-up pending. An additional patient developed a relapse of MALT lymphoma in the contralateral orbit roughly 19 months after completion of ultra-low-dose RT for MALT lymphoma. This patient was treated with 4 Gy in 2 fractions to the contralateral orbit and had a CR to therapy.
Two patients died of causes unrelated to lymphoma. One patient died of complications related to therapy for Orbital response to 4 Gy orbital radiotherapy (RT) rates of complete response (CR) and partial response (PR) after completion of ultra-low-dose radiotherapy to the orbit. At 4 months, 20 patients were evaluated for disease response and CR was achieved among 65% of patients (n 5 13). At 6 months, 21 patients were evaluated and CR was apparent in 86% of patients (n 5 19). The 1 patient who was not evaluated at 6 months was seen at 3-month and 6-month follow-ups, and was pending at the time of manuscript preparation of this study. [Color figure can be viewed at wileyonlinelibrary.com] metastatic melanoma. The second patient died of renal failure without evidence of lymphoma at the time of death. Ultra-low-dose orbital RT was well tolerated. One patient developed grade 1 dry eye syndrome. No other toxic effects were noted.
DISCUSSION
For primary RT for indolent B-cell OAL, the current standard dose is 24 Gy. Most of the support for this practice comes from single retrospective studies and a randomized trial among patients with nodal low-grade lymphoma. 9, [15] [16] [17] In the current study, we used ultra-low-dose RT consisting of 4 Gy to the orbit in two 2-Gy fractions delivered on consecutive days for definitive management of B-cell OAL. We observed CRs in 86% of cases. Although the follow-up time was relatively short, only 1 local recurrence was observed, and ocular toxicity was minimal. Results with this low dose were comparable to results in the literature with doses as high as 45 Gy.
The standard dose for the management of low grade Bcell lymphoma has decreased over the past several decades. A randomized phase III trial comparing 24 Gy versus 40 Gy to 45 Gy for indolent systemic lymphoma found no difference in rates of overall response or progression within the radiation field between the standard and lower-dose arms. 16 Overall survival and progression-free survival were also not significantly different between the arms, but there was a trend toward reduced toxicity with 24 Gy. It is unclear how many patients in this multi-institutional trial were treated for extranodal disease involving the orbit. Single-institution series have reported excellent local control rates, in excess of 90%, with doses of 24 Gy to 25.5 Gy to the orbit for Bcell OAL. 9, 15 Although 24 Gy to the orbit is generally well tolerated, the majority of patients do experience acute toxic effects. The risk of long-term toxic effects of RT is lower, but such effects can be permanent for some patients. In a single-institution series from Princess Margaret Hospital, in which 97% of patients received 25 Gy, late toxic effects occurred in 45% of patients and included grade 1 to 3 cataracts, dry eye syndrome, keratitis, macular degeneration, and vitreous detachment. 9 Management of the late effects was effective, however: only 10% of patients experienced unresolved chronic toxic effects of RT.
Given the lower but persistent risk of long-term orbital toxic effects with RT doses of 24 Gy, together with the increasing recognition of the radiosensitivity of low-grade B-cell lymphoma and MCL, there is increasing interest in lower doses of radiation for treatment of these forms of lymphoma. Several single-institutional series have demonstrated considerable overall response rates to doses of 4 Gy for treatment of systemic (extraocular) nodal masses from indolent B-cell lymphoma. [18] [19] [20] [21] Furthermore, a retrospective study from Stanford by Fasola et al 11 showed the effectiveness of 4 Gy to the orbit for palliation or reirradiation of low-grade B-cell OAL. In that study, 20 patients with low-grade B-cell OAL with 27 sites of orbital involvement were treated with 4 Gy in 2 fractions. 11 With a median follow-up time of just over 2 years, the overall response rate was 96%, and the CR rate was 85%. Among patients who achieved a CR, the local control rate was 100% with no in-field relapses. As expected, there were no long-term toxic effects.
In the current study, 86% of patients achieved a CR after treatment with 4 Gy; only 3 patients did not have a CR after this ultra-low-dose treatment. One of the 3 patients who did not have a CR after 4 Gy to the orbit had an unclassifiable low-grade B-cell lymphoma with 3 monoclonal B-cell populations detected in the biopsy specimen, including cells suggestive of small lymphocytic lymphoma/chronic lymphocytic leukemia, a disease that has been shown not to respond well to palliative doses of 4 Gy. 18 Ultimately, this patient had complete regression of his orbital lymphoma after an additional 20 Gy was administered. This staged approach to therapy, in which patients with suboptimal responses to 4 Gy go on to receive an additional 20 Gy, is currently the focus of an ongoing prospective trial at our institution (NCT02494700). The purpose of this study was to identify patients where ultra-low-dose RT is curative, while maintaining excellent local control among patients who do require full doses of 24 Gy to eradicate ocular adnexal disease. It should be noted that, in 4 patients in our series, CR to ultra-low-dose RT was not apparent at the initial follow-up visit at 3 to 4 months, and became apparent only later (in 1 patient, not until 10 months without intervening systemic therapy). This highlights the need to allow adequate follow-up time for maximal response to occur before decisions are made about additional therapy.
Although MCL is not a low-grade lymphoma, numerous studies have demonstrated that MCL is exquisitely radiosensitive to RT. In a study by Russo et al 18 of the predictors of response to 4 Gy delivered in 2 fractions for treatment of mainly systemic nodal non-Hodgkin lymphoma, the response rate in patients with MCL was over 90%, and patients with MCL had the lowest rate of local recurrence. Systemic failures were significant, however, highlighting the fact that patients with MCL almost always have systemic involvement of their disease. In the Stanford series of ultra-low-dose treatment of orbital lowgrade non-Hodgkin lymphoma, 1 patient was treated for MCL, and this patient did not have an in-field relapse.
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In our current study, the only in-field relapse occurred in a patient treated for MCL. Despite this relapse, we still consider patients with MCL for ultra-low-dose therapy given the known radiosensitivity of MCL and the almost uniform existence of systemic disease in patients with MCL. In patients with ocular adnexal MCL, a 2-day lowtoxicity therapy is attractive because it offers the possibility of local control of orbital disease and does not interfere with essential aggressive systemic therapy.
There was 1 patient in our study who developed relapsed disease of MALT lymphoma in the contralateral orbit almost 2 years after completion of ultra-low-dose RT. The contralateral orbit is a well-recognized pattern of failure among patients with ocular adnexal MALT lymphoma, even when orbital doses of 25 to 40 Gy are administered and local control is achieved in the treated orbit. 9, [22] [23] [24] Because contralateral ocular adnexal relapses are known to occur when local control rates are excellent, the goal of therapy should be achievement of CR within the affected orbit with the lowest dose of radiation possible to reduce the potential for toxicity. One could even consider investigating the efficacy of 1 fraction of 2 Gy if long-term follow-up of our study is promising.
Ultra-low-dose RT for B-cell OAL offers distinct benefits for different patient subgroups. For all patients, this treatment offers the opportunity for durable local control within the treated field without significant long-term ocular morbidity. Obvious advantages of ultra-low-dose RT compared to standard-dose RT are shorter duration of treatment (2 days as opposed to 12 days), lower cost of therapy, and decreased ocular toxic effects. In patients newly diagnosed with non-life-threatening, limited-stage OAL, the fact that ultra-low-dose RT minimizes long-term ocular morbidity is important. In patients with advanced disease and relapsed indolent OAL, a 2-day course of therapy permits patients to pursue systemic therapy without a prolonged break for RT. Furthermore, patients with autoimmune disease, such as Sj€ ogren syndrome, have an increased risk for the development of MALT lymphoma, which often affects the eyes. [25] [26] [27] In these patients, radiation is generally considered, but with reservations because RT may worsen dry eye syndrome. With ultra-low-dose RT, patients with autoimmune disease, such as Sj€ ogren syndrome, can receive RT with less concern about ocular damage. In fact, 2 patients in the current study had Sj€ ogren syndrome, and neither experienced exacerbation of baseline ocular symptoms.
In the present study, we observed a CR rate of 86% among 22 patients with ocular adnexal low-grade B-cell lymphoma and MCL treated with 4 Gy in 2 fractions to the orbit for definitive management of disease. Although additional follow-up is required to document durable local control, the high CR rates to this low dose of RT are encouraging. This strategy has the potential to be curative while reducing the risk of toxic effects and is currently being explored in a prospective trial at MD Anderson Cancer Center. Findings in our study reported here and in the previous report from Fasola et al 19 suggest a potential paradigm shift in the treatment of ocular adnexal low-grade B-cell lymphoma and MCL.
